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Abstract 

The use of turbine cooling permits increasing turbine 

inlet  temperatures t o  a point where very large gains i n  engine 

perf'ormance are possible. 

turbine design is obtained becausq of higher permissible stress 

In addition, a greater freedom i n  

l e v e l s  and a larger choice of possible turbine materials4 "he 

gains t o  be made i n  engine performance and the metnotis that can 

be used t o  cool turbines are presented. 

Past history has shown tha t  i n  order t o  obtain desirable 

cycle temperatures for heat engines it was often necessaryto 

cool cer ta in  engine components t o  circumvent material strength 

limitations. 

heat from a cycle by cooling is detrimental t o  performance, but 

from a pract ical  standpoint the cooling obtained has permitted 

From a thermodynamic point of view removal of 

a type of engine operation resulting i n  engine performance that 

would have never been possible without cooling. An excellent 

example is the piston-type engine where refinements i n  cooling 
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methods, necessitating large amounts of heat removal, led t o  

increasingly superior performance i n  the engines. It can be 

expected that a similar type of evolution w i l l  lead t o  the use 

of cooling i n  gas turbine engines t o  obtain a type of operation 

that w i l l  r esu l t  i n  vast new performance poss ib i l i t i es .  

There are three main purposes of cooling the turbines of 

gas turbine engines. ?me f i r s t ,  and most commonly accepted 

purpose, is that higher engine cycle temperatures (result ing 

i n  increased specific power) can be obtained if the turbine 

disk and blade temperatures are'made independent of the tur- 

bine inlet gas tempergture. The second purpose of cooling is 

t o  permit the use of higher operating s t resses  and/or longer 

turbine l i f e  by reducing the operating metal temperature of 

the turbine. 

greater amount of freedom i n  the turbine design and can gen- 

e ra l ly  resul t  i n  increased power for  a given engine f ronta l  

H i g h e r  operating s t resses  w i l l  permit a much 

area by allowing the flow capacity of the turbine t o  increase 

through the use of longer turbine blades. 

of turbine cooling is t o  permit a greater degree of freedom i n  

The th i rd  purpose 

the choice of turbine materials than is presently available t o  

engine designers. 

are  chosen fo r  strength characteristics at  high operating t e m -  

peratures. 

Materials currently used for gas turbines 

In general, these materials also contain re la t ive ly  
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large quantities of scarce or c r i t i c a l  alloying elements. 

lowering the operating temperature of the turbine other mater- 

ials are made available that in  additiori t o  having superior 

strength properties a lso "have reduced amounts of c r i t i c a l  

alloying elements r e l a t i v e  t o  the so-called "high-temperature 

By 

" alloys. 

It is the purpose of this  paper t o  present some of the  

performance poss ib i l i t i es  that are obtainable through the use 

of turbine cooling t o  permit use of higher cycle temperatures, 

higher turbine stresses, and less c r i t i c a l  materials. I n  ad- 

di t ion  some of the  progress tha t  has been made i n  turbine 

cooling research w i l l  be described, and an indication ell be 

given as t o  the trends t o  be expected i n  the future development 

of cooled gas turbine engines. 

POTENTIAL ENGINE PERFORMANCE AT HIGHER TISREIIJE 

INLET TEMPERATEES 

TurboJet Engines 

The thrust of a turbojet  engfne i s  essent ia l ly  propor- 

tional t o  the product of the weight flow of air t h a t  passes 

through the engine and the velocity of the jet at  the exhaust 

nozzle. All methods of increasing the thrust output, there- 

fore,  depend upon increasing either one, or both, of these 

variables i n  some manner. The weight flow of air per unit 
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f ron ta l  area can be increased through the use of recently 

developed compressors. The Jet velocity can b e  increased 

through use of (1) higher compressor pressure ra t ios ,  hfgher 

turbine efficiencies,  or lower burner pressure losses, a l l  of 

which result i n  a higher available pressure i n  the  exhaust 

nozzle and consequently w i l l  allow higher expansion ra t ios  fo r  

obtaining higher velocities, ( 2 )  improved exhaust nozzle effi-  

ciencies, and (3) increased ,jet exhaust temperature. 

Several  of the above-mentioned ef fec ts  on engine per- 

formance are i l l u s t r a t ed  i n  f igure 1 f or both nonarfterburning 

and afterburning turbojet  engines operating at  supersonic 

speeds i n  the stratosphere. With the newer compressors the 

flow capacity of the engine is often determined by the turbine; 

therefore the engine diameter is  often fixed by the turbine 

diameter. For t h i s  reason tie relative engine thrust is  given 

per unit of turbine f ronta l  area i n  f igure 1. For t h i s  case 

high compressor pressure rat ios  result in higher gas densit ies 

a t  the turbine and consequently increased flow capacity, (The 

compressor pressure r a t io s  shown are for the actual  operating 

conditions and not sea-level s ta t ic .  ) 

It can be seen fromthe figure tha t  f o r  nonafterburning 

engines, turbine i n l e t  temperature has the most significant 

e f fec t  on thrust, and by a simultaneous increase i n  turbim i n l e t  
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temperature and compressor pressure r a t i o  the thrust can be 

increased by a factor of two OP more re la t ive  t o  present en- 

gines. A t  constant compressor pressure r a t i o  increases in  

turbine i n l e t  temperature generally r e su l t  i n  increased spe- 

c i f i c  f u e l  consumption. 

that the thrus t  i s  increased directly as the jet velocity i s  

increased, but the kinetic energy of the gases is  increased 

as the square of the jet velocity, The f u e l  consumption is 

proportional t o  the ktinetic energy increase; therefore the 

fuel consumption increases at a greater rate than the thrust  

with a resultant increase in thrust specific fuel consumption. 

This effect  can be largely compensated for by increasing the 

engine thermal efficiencythrough use of higher compressor 

pressure rat ios .  

This can be explained by the f a c t  

For afterburning engines ffgure 1 shows that very high 

th rus t  levels are obtainable by increasing the gas tempera- 

ture i n  the jet nozzle. This thrust  is  obtained at  a re la -  

t i ve ly  high cost i n  specific fuel  consumption, par t icular ly  

at  the turbine inlet temperatures of current engines. 

creasing the turbine in l e t  temperature a smaller pressure 

drop i s  incurred across the turbine and less f u e l  is burned 

i n  the exhaust nozzle (more i s  burned ahead of the turbine, 

though) and the thrust  output of the  engine is  increased at  a 

substantial  saving i n  specific f u e l  consumption. 

By in- 

The advantage 
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, 

of turbine cooling t o  permit increased turbine i n l e t  temper- 

atures f o r  afterburning engines is, therefore, primarily t o  

decrease f u e l  consumption. I n  addition, at higher compressor 

pressure r a t i o s  combined w i t h  high t u r b i n e  i n l e t  temperatures, 

very large increases i n  t h r u s t  are obtainable a t  no sacr i f ice  

i n  f u e l  consumption. 

Turboprop Engines 

Ill%.- -..&-.A &Le &--L ----- 
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turbine engines, is primarily a function of energy l e v e l  of 

the  gases ahead of the turbine; therefore the turbine inlet 

temperature has a direct  bearing on the power. In  the  turbo- 

prop engine the gases are expanded almost completely i n  order 

t o  extract  the maximum power with the result that the pressure 

level and density at  the last stage of the turbine i s  always 

low. Turbine flow capacity is t k r e f o r e  almost independent of 

compressor pressure ra t io .  Because of th i s  f a c t  power per uni t  

turbine f ron ta l  area has l i t t l e  significance. O f  most in te res t  

is power per pound of compressor air, defined as specific 

horsepawer. 

pressor pressure r a t i o  on re lat ive specific horsepower and spe- 

c i f i c  fuel consumption is shown i n  figure 2. Here, as i n  Pig- 

ure 1, f o r  the turbojet  engine the power output can be increased 

by a factor  of two or more, re la t ive t o  present engines, by 

The ef fec t  of turbine inlet temperature and com- 



- 7 -  

increasing the  turbine inlet temperature. It w i l l  be noted, 

however, t ha t  opposite t o  the case for the turbojet ,  increas- 

ing turbine inlet  temperature a l so  decreases specific fuel 

consumption f o r  the turboprop. 

the f a c t  that turbine power i s  a function of the kinet ic  energy 

of the gases. If all components were 100 percent e f f i c i e n t ,  

specific fuel consw.uption would be independent of gas tempera- 

ture. With inefficiencies i n  the components, however, the 

losses are proportionally greater a t  low temperatures than at 

3 s  teluyer&xies; t h e r e f ~ x  toe spec i f ic  T u e i  consumption tie- 

creases with increasing gas temperature. 

This trend can be explained by 

HIGHER STRESSES AND MATERIAL FREEDOM OBTAINABLE 

BY TURBINE COOLING 

The flow capacity of modern compressors is rapidly develop- 

ing t o  the point that the  components aft of the compressor 

(primary burner, turbine, afterburner, and exhaust nozzle) w i l l  

determine the engine f ronta l  area. For many applications it 

appears that the turbine may be the  largest diameter component 

of the engine. 

by use of longer turbine blades, but t h i s  often results i n  

stresses in excess of those permissible using presently a v a i l -  

able materials i n  uncooled turbines. An indication of how tur- 

bine diameter is related t o  turb ine  blade stress f o r  a given 

compressor weight flow and pressure r a t i o  is shown in figure 3. 

The f l a w  area of the turbine can be increased 
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Increasing the blade root stress from 30,000 t o  60,000 

pounds p r  square inch can resu l t  in a reduction i n  turbine 

diameter of almost 15 percent. This corresponds t o  a f ronta l  

area reduction of over 25 percent. 

Methods of obtaining higher turbine stress leve ls  are 

indicated i n  figure 4. 

turbine blades operate stress-rupture is the c r i t e r k  

usually determines allowable blade s t ress .  The stress-rupture 

properties of several materials are shown i n  figure 4 and the 

upper levels of the curves are cut off where stress-rupture 

properties no longer determine the permissible stress. The 

al loy S-816 is a commonly used al loy in present gas turbine 

For the temperatures a t  which gas 

LE 

engines. A t  a temperature of l50O0 F (about standard blade 

temperature f o r  present engines) the maximum allowable stress 

is  shown t o  be 24,000 pounds per square inch. 

the temperature i s  reduced only 100' F by cooling, the allow- 

I f ,  however, 

able s t r e s s  can be increased by about 35 percent, with further 

increases being obtainable at lower temperatures. Below t e m -  

peratures of about 12OOO F, however, other materials, such as 

A-286, possess bet ter  strength properties with the possibi l i ty  

of operating at  s t resses  over 90,000 pounds per square inch - 
over 9 times the allarable s t ress  for present engines. Fur- 

ther  reduction i n  temperature makes it possible t o  u t i l i ze  high 

1 
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strength steels such as the Thken a l loy  17-22A(S). 

this type of material offers  only s l fght  increases i n  possible 

operating stress re la t ive  t o  A-286, but the c r i t i c a l  material 

content of 17-22A(S) i s  almost completely eliminated. 

a l loy  is about 97 percent iron. Even the a l loy  A-286 is pres- 

en t ly  considered t o  be a relat ively noncrit ical  a l loy because 

it is over 50 percent iron and contains no cobalt or columbium. 

Currently used blade materials such as the a l loy  S-816 contain 

very high quantities of c r i t i c a l  materials such as cobalt, 

nickel, chromium, and columbium - the iron content of S-816 is 

only 2.8 percent. 

U s e  of 

This 

In  general, the higher strength materials at  temperatures 

from lOO@ t o  13000 F a l l  contain considerably smaller quanti- 

t i es  of c r i t i c a l  materials than  the currently used high t e m -  

perature alloys,  The significance of t h i s  f a c t  is that i n  

addition t o  cooling permitting the use of higher turbine in- 

let temperatures and stresses i n  turbine engines, it also per- 

m i t s  the  production of a greater number of engines due t o  the 

greater ava i lab i l i ty  of suitable materials fo r  the turbines. 

This last ef fec t  of avai labi l i ty  was the primary reason that 

the Germans incorporated the use of turbine cooling i n  some 

of the i r  turbojet  engines i n  World War 11. 
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EFFECT OF TURBINE COOLING ON ENGINE PERF'ORWCE 

The most probable source of air f o r  turbine cooling pur- 

poses is the engine compressor. 

bleed the conqiressor f r o m  some intermediate stage i n  order t o  

keep the compressor work on the cooling a i r  t o  a minimum, but 

f o r  turbine rotor coolfng it i s  expected that more often it 

w i l l  be necessary t o  bleed from the discharge of the compres- 

sor i n  order t o  obtain as high a pressure as possible for 

effective blade cooling. 

several effects  on engine performance. 

pa r t  of the  engine cycle so that it is unavailable for doing 

work i n  the turbine, but work is  done on the cooling air which 

makes the specific turbine work higher than without bleed. 

When the air i s  used fo r  turbine rotor  cooling additional work 

is done on the cooling air  t o  accelerate it t o  the wheel speed 

at  the blade t i p  as it passes through the rotor. 

value of turbine inlet temperature the pressure r a t i o  across 

the turbine w i l l  therefore be somewhat higher when air is bled 

from the compressor. For engines u t i l i z ing  jet thrust some of 

the cooling air  energy can be recovered in the  exhaust jet by 

adding weight flow t o  the jet. 

It may cften be possible t o  

The use of t h i s  air f o r  cooling has 

The air is removed from 

For a given 

Based on present knowledge of the quantit ies of cooling 

air that w i l l  be required f o r  operation at  higher turbine in- 

l e t  temperatures, it is  possible t o  predict  the engine 
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performance attainable 

je t  engine performance 

ut i l iz ing air-cooled turbines. Turbo- 

with no consideration given t o  the 

e f f ec t s  of bleeding par t  of the compressor air for turbine 

cooling was shown in figure 1. 

able that can withstand very high gas temperatures without 

cooling, an incremental decrease i n  ultimate uncooled engine 

performance must be tolerated i n  order t o  reap the  benefit  of 

gains made possible through use of higher gas temperatures by 

turbine cooling. 

performance obtainsble using the better methods of cooling 

preseutly under develupment is shown. 

required for cooling varies w i t h  turbine inlet temperature.; 

It can be noted that cooling generally results i n  a small de- 

crease i n  thrust w i t h  practically no sacr i f ice  i n  f u e l  con- 

surnption re la t ive  t o  the calculated performance without cooling 

fo r  nonafterburning engines. In  afterburning engines the effect  

of cooling resu l t s  i n  increased fuel consumption with only small 

effects i n  thrust. These effects can be explained by the f a c t  

that cooling generally shifts the performance map in the  direc- 

t ion  of lower turbine i n l e t  temperatures by diluting the exhaust 

gases and lowering the temperature after the turbine. 

Since materials are not a v a i l -  

In figure 5 the expected air-cooled engine 

(The quantity of air 

The performance of an air-cooled turboprop engine at sea- 

l e v e l  s t a t i c  conditions is shown i n  figure 6 .  The decrease i n  



- 12 - 

performance re la t ive  t o  the calculated performance without 

cooling (from figure 2) is greater for the  turboprop engine 

than it is f o r  the turbojet engine due t o  the f a c t  that i n  

the turboprop the cooling a i r  pas s ing  through the cooled por- 

t i o n  of the turbine is  completely lo s t  f o r  engine power gen- 

eration i n  that portion of the turbine. 

on the other hand, the coolfng air is  s t i l l  available f o r  ob- 

taining power i n  the form of je t  thrust. 

In the  turbojet  engine, 

Also sham i n  figure 6 is a point showing performance 

f o r  a liquid-cooled turbine for the most severe conditions 

shown. 

is removal of a small portion of the heat f romthe  gases. 

e f fec t  on performance is extremely small. 

standpoint l iquid cooling of turboprop engines is very promis- 

ing providing radiator drag losses are tolerable.  Even though 

the performance of afr-cooled turboprop engines is infer ior  t o  

the  performance f o r  liquid-cooled engines, the use of air cool- 

ing is still  very promising due t o  the  f a c t  that s&stant ia l  

increases i n  power are obtainable a t  no increase i n  specific 

fuel consumption r e l a t i v e  t o  uncooled engines at current gas 

temperature leve ls .  

In  t h i s  case the only effect of cooling on the cycle 

The 

From a performance 

The ef fec ts  of bleeding various amounts of air f romthe 

compressor for cooling or other purposes is shown in figures 7 
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and 8 f o r  turbojet  and turboprop engines. 

required f o r  cooling is dependent upon the type of air-cooled 

blades used i n  the engine; therefore at  given engine condi- 

t ions a w i d e  variation i n  cooling-air requirements is possible. 

In most a i r c ra f t  gas turbine engines air is bled fromthe com- 

pressor f o r  such uses as accessory drives or cabin cooling. 

In t h i s  case the a i r  is thrown overboard and cannot be used 

f o r  jet  thrust or turbine power. As a basis of comparison the 

effects on performance of this prevalent practice of overboard 

bleed is shown i n  addition t o  the e f fec ts  of bleeding air f o r  

turbine cooling purposes. 

specific f u e l  consumption variations wfth various percentages 

of cooling a i r  bled from the compressor discharge for a turbo- 

je t  engine flying a t  supersonic speeds in the  stratosphere are 

shown i n  figure 7. The same general trends are obtained a t  

conditions other than those given f o r  t h i s  figure. The thrust 

decreases approximately 1 percent f o r  every percent of air  bled 

f'romthe compressor for  turbine cooling purposes. "his loss is 

more than doubled if the air i s  bled overboard so t ha t  it cannot 

be used f o r  jet thrust .  The effect of air bled f o r  turbine 

cooling has only a very s l igh t  e f fec t  on specific f u e l  con- 

sumption, but overboard bleed has a very large effect .  

The quantity of air 

The r e l a t i v e  specific thrust and 



- 14 - 

The effect of bleeding various amounts of coolfng air on 

the performance of a turboprop or stationary power plant operat- 

ing at  sea-level s t a t i c  conditions (no j e t  t h r u s t  horsepower) 

is shown i n  figure 8. 

the incremental decrease i n  performance is larger  f o r  a turbo- 

prop engine than f o r  a turbojet engine. 

t rue  concerning specif ic  f u e l  consumption where the increase 

with cooling air flow is more than 5 times as high as f o r  a 

As explained in connection with figure 6 

This is par t icular ly  

turbojet  engine. 

f o r  turbine cooling is only s l ight ly  higher than decrease i n  

thrust f o r  a turbojet ,  For either turbojet  or turboprop en- 

gines it is less cost ly  t o  bleed air f o r  turbine cooling pur- 

poses than it is f o r  cabin cooling, accessory drives, elec- 

t ronic  equipment cooling, e t c  

The decrease i n  power due t o  bleeding air  

The ef fec t  of l iquid cooling on turboprop performance i s  

extremely small. 

sumption due t o  l iquid cooling a t  the conditions of figure 8 

is less than 1/2 of 1 percent. 

The change i n  power or specific fuel  con- 

As explained i n  reference 1 there is an optimum jet  ve- 

l oc i ty  f o r  turboprop engines a t  each fl ight speed tha t  results 

i n  minimum fuel consumption and Ioaximum thrust .  .The incre- 

mental decreases i n  performance due t o  bleeding air from the 

compressor fo r  cooling purposes are somewhat smaller fo r  
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turboprop engine w i t h  optimum jet thrust than f o r  the case with 

no jet thrust ,  but the improvement i s  of l i t t l e  significance. 

Results shown i n  figures 6 and 8 indicate that f o r  turbo- 

prop engines l iquid cooling would be better than air cooling. 

Substantial improvements i n  engine performance are obtainable, 

however, with either l iquid or air cooling being used t o  per- 

m i t  engine operation at higher turbine inlet  temperatures. 

ma OF rnBBY!E BL*c!E CCf)TAEG 

Both air and l iquid cooling methods have their r e l a t i v e  

advantages and disadvantages as w i l l  be b r i e f ly  discussed 

later. 

bojet  engines. 

space considerations, the discussion of methods of cooling w i l l  

be limited t o  air-cooling. 

A i r  cooling appears t o  h a v e  the most promise for tur- 

Because the scope of this  paper is limlted by 

Incorporation of air cooling into an engine w i l l  Tffect 

the whole engine design i n  order t o  laak the m o s t  effectfve use of 

the air. 

A i r  is ducted fromthe discharge, or one of the  late stages, 

of the compressor t o  the turbine rotor  and s ta tor .  

then discharged into the gas stream downstream of the turbine 

t o  provide additional thrust, 

a very convenient method of ducting cooling air  t o  the rotor  

and it can often eliminate many air seal problems. 

A possible engine configuration is  shown i n  figure 9. 

The air is  

A hollow turbine shaft provides 
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Various types of air-cooling methods are shown i n  figure 

The most conventional method of cooling used i n  a l l  heat- 10, 

transfer processes is convection cooling, i l lus t ra ted  in  f ig -  

ure l O ( a ) .  In order t o  augment the cooling effectiveness by 

t h i s  means,it is desirable t o  add heat-transfer surface area 

on the  heat rejection side of the apparatus i n  the  form of in- 

creased surface such as the f ins  shown. This i s  the method of 

cooling that has been successfully used on air-cooled piston- 

type engines f o r  years. 

(fig.  10(b)) is less w e l l  known. 

The next method of cooling shown 

With t h i s  method a f i l m  of 

cool air iB introducted through s l o t s  t o  form ,an insulating 

layer between the  hot gases and the cooled surface. 

very l o w  thermal conductivity so that it is  a good insulation 

edium, but the effectiveness of the layer of air is l o s t  

some distance downstream from the s l o t  by mixing with the hot 

gases. 

ing (fig.  lO(c)) because a i r  i s  bled through a porous surface 

continually over the en t i re  area of the surface. 

t i on  cooling is the  most effective method of air cooling Isnoun 

at the present time. A comparison of the cooling effectiveness 

of these three Ethods  of cooling (convection, f i l m ,  and trans- 

pirat ion)  is given i n  reference 2. 

Afr has 

This disadvantage is eliminated by transpiration cool- 

Transpira- 
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Air-cooled turbine blades u t i l i z ing  these various methods 

of cooling are i l lustrated i n  figure 11. The hollow blade was 

used by the Germans i n  some of their turbojet  engines i n  1945, 

but the cooling effectiveness of this type of blade is so law 

that excessive quantities of cooling air are required. 

tube-filled blade was an ear ly  attempt of the NACA t o  provide 

extra surface area inside of the coolant passage i n  order t o  

improve the blade cooling effectiveness. 

and methods of manufacture on t h i s  type of blade are given in 

references 3 through 7 .  Much valuable information has been ob- 

tained f roni th is  configuration. In order t o  try t o  improve the 

cooling effectiveness in the leading and t r a i l i n g  edge regions, 

which are d i f f i cu l t  t o  cool, film cooling was investigated on 

the type  of blade shown i n  figure l l ( c )  and reported i n  refer- 

ences 8 t o  10. Cooling i n  these regions was effective,  but 

blade durabili ty was found t o  be a serious problem (ref .  6 )  

Another solution t o  the problem of leading and t r a i l i ng  edge 

cooling is t o  increase the them1 conductivity of the blade 

Shell; consequently copper-clad shells as &awn (fig. l l ( d ) )  

were investigated i n  reference 9. This type of structure is 

similar t o  copper-clad kitchen utensils that are used t o  spread 

the  heat over the ent i re  area of the utensil. The biggest dis- 

advantage of the copper-clad blade is that the weight of the  

The 

Some results of tests 
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blade is increased by the copper so that the stress is in- 

creased t o  a point where the gains i n  cooling are pract ical ly  

eliminated. 

A pract ical  type of shell-supported convection cooled 

blade construction is the cokrugated blade (fig.  l l ( e ) )  . 
Large amounts of heat-transfer surface area can be added'in 

the form of corrugated f i n s  and the f i n s  can be made t o  extend 

w e l l  in to  the leading and t r a i l i ng  edges of the blade t o  insure 

adequate cooling i n  these regions. 

vided i n  the middle of the passage so t ha t  the cosrugatiom can 

An island is 'usually pro- 

be of uniform amplitude. 

cooling air  passes through th i s  region. 

tained from t h i s  type  of blade w i l l  be discussed subsequently. 

This island is b lochd  off so that no 

Temperature data ob- 

In a l l  of the turbine blades discussed up t o  t h i s  point, 

the blade shell has been the primary support member for 

carrying the s t resses  due t o  centrifugal forces. 

the f a c t  that the she l l  is e a o s e d  t o  the gas stream, it is 

edeo the hot tes t  member of the blade and therefore the stress- 

carrying capacity is lower than  fo r  portions of the blade that 

are cooler. 

where  the main stress-carrying member, or strut, is submerged 

inside of the  coolant passage and operates at a lower tempera- 

ture than the blade shell. The s h e l l  can be made t h i n  and can 

Because of 

Blades have therefore been designed and tested 
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be completely supported by the strut. In this manner the 

stresses i n  the shell me greatly reduced w i t h  the result 

that it can operate at higher temperatures. W i t h  higher 

shell temperatures the heat transfer f romthe gas t o  the 

>blade is reduced and the  quantity of cooling air  required is  

reduced. This type of blade shows great promise fo r  future 

application i n  air-dooled turbine engines. 

The last blade shown i n  figure 11 is a transpiration- 

The porous she l l  could be made from several  cooled blade. 

m a t e r i a l s  - the most probable materials are woven w i r e  cloth 

or porous sintered materials made from pawered metal. Only a 

limited EuIlouLft of unclassified experimental data 5 s  sresent ly  

available fo r  transpiration-cooled turbine blades. 

ear ly  results are given in references 11 and 12. 

advantages and problems i n  the use of transpiration cooling 

are  discussed in  reference 13. 

Some of the 

Some of the 

Experinerrtally measured turbine blade te$lperatures are 

shown i n  figure 12 fo r  the carrugated blade illustrated i n  the 

inset. The "coolant-flow ra t io"  used as the abscissa i n  the 

figure is defined as the r a t i o  of the air used for  turbine 

cooling purposes t o  the t o t a l  flow of air through the compres- 

sor. , It w i l l  be noted that for the uncooled condition the 

blade tenperatme i s  over 200°F lower than the turbine inlet  
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temperature. 

of high rotat ive speeds of the turbine and high gas velocit ies 

a t  the stator exit ,  the t o t a l  temperature re la t ive  t o  the tur- 

bine rotor blades is  less than  the t o t a l  temperature re la t ive  

t o  the s ta tor  blades. 

pressor air f o r  turbine rotor cooling purposes, the blade tem- 

perature can be reduced over 40O0 F below that of an uncooled 

blade, or approximately 6500 F below the turbine inlet temper- 

ature. 

reductions that are possible with very nominal amounts of 

cooling air. 

has been obtained in  developing methods of predicting the 

average blade temperature of t h i s  type of blade. 

t ion  between measured and predicted temperatures i s  less  than 

35O F. The predictions were based essent ia l ly  on the methods 

discussed i n  references 14 and 15. 

c a l  methods of predicting blade temperatures gives encourage- 

ment f o r  using these methods f o r  predidng cooling requirements 

for other conditions. 

This difference is due t o  the f a c t  that,because 

By the b e  of only 2 percent of the com- 

These results show the substantial  blade temperature 

In addition it is s h m  that very good success 

The var ia -  

The success of the analyti- 

A comparison of the  cooling effectiveness of the corrugated 

blade with the strut-supported blade is  shown i n  figure 13. In 

most cases the coolant flaw required for the strut-supported 

blade is about one-half that required for the  c m t e d  blade 
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i n  order t o  obtain a specified blade temperature. 

very l ow f l a w  rates t h i s  difference i n  flow w i l l  have very 

little significance i n  the over-all engine performance, but 

as the cooling load becomes more severe, the resu l t s  of f ig -  

ures 7 and 8 show that the savings i n  cooling air using the 

strut-supported blade could resul t  i n  appreciable gains i n  

engine performance. 

son between experimental and calculated s t ru t  temperatures. 

Again the  agreement is very good. 

were obtained by the methods described i n  reference 16. 

A t  the  

Also shown i n  figure 13 is the  compari- 

The calculated temperatures 

A word of caution is  required concerning generalization 

of the results obtained from research on the  blades shown i n  

figures 11 through 13. 

approximately 2 inches or more. 

factory for many applications. For some engines, such as most 

turboprop engines, however, the blades are much smaller and it 

is not always possible t o  scale down the designs shown. Fur- 

ther research is required on small air-cooled turbine blades. 

A l l  of these blades had a chord of 

A blade of this s ize  i s  satis- 

Besides the temperature reduction that is obtained by 

cooling, air-cooled blade durabili ty i s  also of importance. 

Endurance investigations have been conducted, mostly on tube- 

f i l l e d  blades, and are par t ia l ly  reported i n  reference 6. It 

has been demonstrated that endurance l i f e  and r e l i a b i l i t y  can 
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be at  least as good, if not better,  than f o r  uncooled turbine 

blades. Air-cooled turbine blade l ives  i n  excess of 300 hours 

have been obtained with no indication of failure. There i s  no 

reason t o  believe that the type of construction required for 

air-cooled turbine blade should have a de t r iEn ta1  effect  on 

blade life. 

AIR-COOIZD !FURBINE DISK COmFIGuRATIONS 

-. ine w e  of air-cooied turbine blades w i l l  require a type 

of turbine rotor construction different from current practice. 

There is, however, a considerable amount of freedom i n  the type  

of design possible, and up t o  the present t i m e  experience has 

not shown a marked superiority of any particular type of de- 

sign. 

s h m  i n  figures 14 and 15. Two main types of constructfon 

are the s p l i t  disk ( f ig .  14) and the shrouded disk ( f ig .  15). 

With either type of construction the cooling air  can be supplied 

from the upstream direction, the downstream direction, or through 

a hollow turbine shaft. 

internal  vanes are required i n  the turbine rotor  i n  order t o  

direct  and help punq, the cooling air out t o  the blades. 

configurations f o r  two experimental sp l i t -d i sk ,  air-cooled t u r -  

bines are shown i n  figure 16. 

t o  provide an inducer section f o r  the cooling air,while i n  the 

Various possible types of' turbine disk construction are 

With any of the types of construction 

Vane 

In one case the vanes were curved 
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other case s t ra ight  vanes were used. Experimental tests have 

not indicated a superiority for e i ther  type of vane construc- 

tion. 

Up t o  the present time experimental tests have been con- 

ducted only  on the disk configuration shown fn  ffgure 144bj and 

some of the results are presented i n  references 1 7  through 19 

which indicate that cooling of the disks will be adequate using 

the amount of air required for blade cooling. Several tur'bfnes 

have been bui l t  and the damstream i n l e t  was required fn order 

t o  minimize the al terat ions t o  a commercial engine f o r  incorpor- 

a t ion of turbine cooling. 

PRWB F"3 USE OF VARIOUS TURBINE COOLING METHODS 

Most experimental research up t o  the present t i m e  on t u r -  

bine cooling has been concerned with investigating various 

possible types of blade configurations t o  determine how w e l l  

they cool, fabrication problems, and expected durabili ty.  

vestigations have been conducted i n  c w r e i a l  engines that 

w e r e  modified t o  accommodate air-cooled turbines and the tur -  

bines were  usually made of nonstrategic materials. By a com- 

bination of this experimental research and analysis it has been 

possible t o  ver i fy  analytical procedures, and cycle calcula- 

t ions have been made t o  determine the areas of operation where 

future use of turbine cooling w i l l  be most profitable. 

In- 
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The use of cooling is particularly promising f o r  turbojet  en- 

gines powering a i r c ra f t  at supersonic speeds and i n  turboprop, 

or other shaft power turbine engines, f o r  subsonic and tram 

sonic flight and f o r  stationary or  marine p m r  plants. 

The relative merits of three types of blade cooling 

methods (convection, film, and transpiration) f o r  future use 

i n  cooled turbojet engines are indicated i n  figure 1;. 

relative coolant flows requfred for  these vardous types of 

cooling are shown f o r  ranges of flight Mach number and turbine 

in l e t  temperature. 

on results i n  reference 2 and the results are for compressor 

discharge a i r  being used as the coolant. 

The 

I n  a l l  cases these calculations are based 

A t  low fl ight speeds the quantfty of coolant required f D r  

turbine inlet temperatures up t o  2000° F (almost 4000 F above 

current practice) i s  relat ively small f o r  either convection 

or transpiration cooling. 

pract ical  mainly because blade durabfli ty i s  a problem, but 

i n  addition the flow requirements are also higher than f o r  

other methods. The convection cooling is  representative f o r  

the better shell-supported blades ( see f ig .  ll( e)  ) . 
supported blade cooling-air requirements would be intermediate 

between the convection and transpiration cooling. 

Film cooling does not appear t o  be 

Strut - 



- 25 - 

As turbine in l e t  temperature i s  increased t o  3000' F at  

l o w  f l i gh t  speeds,the cooling requirements become more severe 

and f i l m  cooling appears t o  be completely out of question. 

Convection cooling is quite possible, but re la t ive  t o  tran- 

spiration cooling the cooling requirements are nigh. 

convection-cooled strut-supported blade would prdbably be 

satisfactory. 

A 

As flight. speeds are fncreased,the ram-air temperature 

increases considerably with the result that the temperature 

of the compressor discharge a i r ,  which is  used f o r  turbine 

cooling, rises rapidly. The high cooling-air temperature makes 

turbine cooling more of a problem a t  hfgh f l f g h t  speeds. 

sham i n  figure 1'7 a t  a flight Mach number of 2.5 the blade 

cooling problems are j u s t  as severe a t  a turbine inlet t e m -  

perature of 2 0 0 p  F as they were a t  low f l fght  speeds a t  a 

turbine inlet  temperature of 30000 F. 

bine in l e t  temperature t o  3000' F at  a flight Mach number of 

2.5 makes the cooling problem so severe using compressor dis-  

charge air  tha t  transpbration cooling is  the only air-cooling 

method l e f t  that shows a possibil i ty of efffcfent operation. 

It i s  possible, however, t o  provide a cer ta in  mount of re- 

frigeration t o  the turbine coolfng air., 

problems of turbine cooling at  high f l i g h t  speeds become less 

As 

Increasing the tur- 

When t h i s  fs  done,the 
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dl f f icu l t .  

coolfng-air reffigeration is  probably unnecessary. 

A t  flight Mach nunhers up t o  somewhat over 2.0 

It can be concluded f r o m  t h i s  Eind other studies tha t  fo r  

gas temperatures up t o  about 250O0 F and flight Mach nmibers 

up t o  at  least 2.0 convection-cooled blades of the corrugated 

and strut-supported type w i l l  probably be adequate. 

temperatures and higher f l igh t  speeds transpdration cooling 

m y  be required. 

Rt higher 

"here is a lso  the question concerning the r e l a t i v e  merits 

of air and l iquid cooling. 

ties water is one of the best l iquid coolants and w f l l  probably 

f ind use i n  almost any type of lfqufd cooling system. 

cases the beat picked up by the water w i l l  be rejected t o  ram 

air. 

is higher tnan tne boiling point of water at reasonable pres- 

sures i n  %he radiator; consequently, heat regeetion would be 

d i f f icu l t .  

able t o  enemy action in m i l i t a r y  afrcraft so that its relia- 

Because of i t s  beat-transfer proper- 

In most 

A t  Mach rimers i n  excess of 2.0 the ram-air temperature 

in addition, water cooling systems are more vulner- 

b i l i t y  is  somewhat more questionable. 

always less (neglecting effects of radiator d r a g ]  with water 

cooling than with air cooling, but f o r  tufbojet  ewines  the 

difference i n  performance probably fs not of very large im-  

portance. 

used f o r  practikally a l l  tu rbo  jet applications e 

Cooling Losses are 

It I s  expected therefore that air cooling w i l l  be 
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For turboprop applications air-cooling losses are much 

larger than they are f o r  turbojets, but substantial  perform- 

ance improvements are possible using e i ther  a i r  or l iquid 

cooling t o  permit higher turbine inlet temperatures. In addi- 
. I  

t i on  the f l i g h t  Mach nuaibers for turboprop a i r c ra f t  w f l l  prob- 

ably be always subsonic or transonic so that heat rejectfon 
I ,  

with liquid-cooling systems w i l l  not be a serious problem. 

Far a i r c ra f t  application the b&.tm p e r f n m ~ ~ c e  c,f E p % 6 =  

cooled systems will have t o  be balanced agafnst less n l n e r -  

b i l i t y  of the air-cooled systems. 

system can probably be ut i l ized sat isfactor i ly .  

t ionary or marine power plants, however, there appear t o  be 

no particular advantages of air cooling relative t o  l iquid 

cooling t o  permit hfgh texperature operationj consequently, 

l iquid cooling w i l l  probably be most satisfactory because It 

w i l l  result i n  lower f u e l  consumption rates. For either a i r  

or l iquid cooling the potential  gains i n  engine per fomnee  

through we of higher turbine inlet, temperatures f o r  both 

shaft and Jet  power turbine engines are well worth the e f fo r t  

required t o  build turbine cooling into the engine design. 

Either type of cooling 

For sta- 
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